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Abstract: In this paper, we investigate Transparent Conducting Oxides (TCO) thin films, which have created immense
interest in researchers due to their widespread utilization in optoelectronics devices. Annealing and thickness are two main
characteristics of thin films that influence the optical and electrical properties of the ZnO thin films in terms of band gap
energy. The goal of the study is to analyze the influence of annealing and thickness of thin films on the optical and
electrical properties of zinc oxide thin films. The ZnO thin films were prepared with different layers, and annealing
temperatures were at 300°C,400°C and 500°C. In XRD analysis, ZnO thin films exhibit a hexagonal crystal structure and
reveal that crystallite size increases with the increase of annealing temperature. The transmission is strongly influenced by
annealing temperature and thickness. At 500°C and thickness 189nm, 83% transmission is achieved in the visible region.
The conductivity and activation energy of the ZnO thin film increases with the increase of annealing temperature and
decreases with the increase of thickness. At 500°C and 189nm thickness, the value of conductivity and activation energy is
1.02 x10%Scm™) and Eai=0.570eV, Ea;=0.865eV. The Figure of merit suggests that ZnO thin film will behave better at
500°C with 189nm among six deposition layers supporting its use as an affordable transparent conducting oxide thin film in
optoelectronics devices.

Keywords: ZnO thin films, Transmission, Conductivity, Transparent Conducting Oxides, Optoelectronics devices, Solar
cells.

and chemical industry [8]. The optical transparency and
electrical properties are greatly affected by the thickness of
thin films and their annealing temperature. ZnO thin film
has versatile structural as well as optical and electrical
properties [9-10]. Due to excellent transmission and
conductive features, it is a useful candidate for touch
screens, optoelectronics devices, and display devices. ZnO
thin films exhibit a major appearance in the II-VI
semiconductor material [11]. ZnO is an n-type
semiconductor material with a direct wide band gap energy
(3.37 eV) and large exciton binding energy (60 meV) at
room temperature [12]. ZnO has three different structures:
Wurtzite, Zinc Blende, and Rock salt. Pure Zinc oxide has a
hexagonal wurtzite crystal structure with lattice parameters
such as a=3.248A° and ¢=5.205A° [13]. Thin films of ZnO
were already synthesized by several methodologies such as
spray pyrolysis [14], Pulsed Laser Deposition (PLD) [15],
hydrothermal process [16], magnetron sputtering[17], dip
coating[18], electron beam evaporation[19], spin coating
and Sol-gel method [20-24]. In this study, ZnO thin film is
formed by the Sol-gel spin coating method over the place of
other methods due to their simplicity, cost-benefit, and easy
availability. The properties of the prepared thin films are
influenced by various properties such as annealing

1. Introduction

Over the past few decades, Transparent Conducting Oxides
(TCO) thin films have created immense interest in
researchers due to their widespread utilization in
optoelectronics devices such as touch screens, liquid crystal
displays, Light Emitting Diodes (LED), and solar cells [1-
3]. Transparent Conducting Oxides (TCO) show the
properties of high transmission and high electrical
conductivity in the spectrum of visible region (380-700nm).
Due to its excellent electrical conductivity and high
transmission to visible light, Indium tin Oxide (ITO) is the
most widely utilized transparent conducting oxide material
[4]. However, there is crucial research in finding a suitable
alternative material for ITO due to its huge price, toxicity,
and scarcity of indium as it is the main component element
[5]. In this concern, ZnO material has emerged as a
promising candidate in place of ITO due to its lower price,
non-toxicity, and thermal and chemical stability [6]. Cost-
effectiveness and non-toxicity are crucial components in
the part of the practical field [7]. ZnO thin film has
tremendous applications in the fields of optoelectronics,
electronics, corrosion protection, pharmaceutical industries,
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temperature [25], annealing time, layers or thickness,
rotation of spin coater, the width of the thin film [26], and
various substrates.

The optical transparency and electrical properties are
greatly influenced by the thickness of the thin film and its
annealing temperature. The thickness of thin films affects
transmission due to the interference effect. The second
major factor which affects the transparency and
conductivity is heat treatment. They annually improve
crystallinity, reduce defects, improve the adhesion with
substrate, and affect the electrical properties. As far as we
know, there hasn't been a detailed exploration in the
existing literature that thoroughly examines how both
annealing temperature and variations in thickness affect
the optical and electrical properties of ZnO thin films.
Therefore, it is crucial to optimize the annealing
temperature and thickness of ZnO thin materials which are
utilized in several applications of TCO materials. Colak et
al. investigated the influence of ZnO thin films on the
structure and electrical properties using the solid-state
reaction method. Their conductivity ranges from 8.7 X107
to 3.1 x10° Q-! cm! with a transmission of up to 80%
[27]. Dahnoun et al. studied the influence of temperature
on the structural, optical, and electrical properties of ZnO
thin films, with conductivity ranging from 1.12 to 2.86
x10°¢ Q-! cm™ and 80% transmission [25]. In another
study, Mansour et al. explored the optical and electrical
properties of ZnO thin films, which showed 80%
transmission and a conductivity of 2.4 X107 Q! cm™ [28].
Malek et al. focused solely on the electrical properties of
ZnO thin films using a sol-gel dip-coating technique, with
a conductivity value of 4.07 X103 Q! em™ [29]. We are
exploring an inventive notion: producing Zinc oxide thin
films that possess dual attributes of excellent electrical
conductivity and transparency. ZnO thin films are
deposited on a Corning glass substrate by adopting the
sol-gel spin coating method at various annealing
temperatures, from 300°C to 500°C, at various layers
thicknesses 189nm(S6), 237nm(S9), 253nm(S12), and
338nm(S15). Various characterization techniques were
employed such as XRD, UV-visible spectroscopy, FE-
SEM, and two-point techniques to study the structural,
electrical, and optical properties of thin films.

2. Characterization Technique

The crystal structure and orientation of the thin film were
examined by an X-ray diffractometer (Buker D8 Advance)
with Cu-Ka radiation at 1.5406 A° ranging from 20° to 60°
by 0.02 increments. FE-SEM (FE-SEM: JEOLJSM-7610 F
Plus) explained the thickness and surface morphology of
the thin films while the chemical composition is confirmed
by Energy Dispersive X-ray Analysis (EDX spectrum)
(EDX-OXFORD EDX LN2 free). The optical properties of
the thin films were carried out by UV-visible (Shimadzu)
spectroscopy. The electrical properties were determined by
the two-probe apparatus (SES-CAM TPX setup).

3. Synthesis Technique

To prepare thin films of ZnO, we employed the Sol-gel spin
coating technique on the glass substrate. The thin films of
ZnO were formed in two steps. In the first step, a clear and
transparent sol was formed. The first materials utilized to
prepare the sol are zinc acetate dehydrate (Zn
(CH3COQ0)22H20) as a precursor, 2-methoxy ethanol as a
solvent, and mono ethanolamine as a sol stabilizer. Firstly,
0.5 M (5.5gm) of Zinc acetate dehydrate is dissolved in 50
ml of 2-methoxy ethanol. The solution is stirred between a
temperature range of 50°C to 70°C for two hours to get a
clear and homogeneous transparent solution. Lastly,0.6ml
of mono-ethanolamine is added after continuous stirring.

In the second step, thin films of solution are fabricated by
performing the cleaning procedure of the glass substrate.
For the formation of thin film, the cleaning process of the
substrate played a major role in removing organic
impurities.  Firstly, the 2x2 cm glass substrates were
cleaned with detergent followed by acetone and ethanol for
25 min by an ultrasonic cleaner (Bandelin Sonorex RK
100). Then finally cleaned with distilled water for 10 min
and the glass substrates are dried properly. Prepared a clear
and homogeneous transparent sol was deposited on a glass
substrate for the formation of a thin film with the help of a
programmable spin coater. After proper cleaning of the
substrate, it is placed in the programmable spin coater
where three uniform drops of prepared solution are placed
in the middle of the substrate and then the substrate spins
rapidly at the rate of 2000 rotations per minute. The film
was preheated at 100°C  for a few minutes. The same
process has been repeated to obtain different numbers of
layers such as 6, 9, 12, and 15, which are named
S6(189nm), S9(237nm), S12(253nm), and S15(338nm).
After the formation of various samples, the prepared thin
films were placed in a furnace and subjected to post-heating
for 5 hours at various temperatures ranging from 300°C to
500°C. Figure 1. shows preparation of ZnO thin films.
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Fig. 1: Preparation of ZnO thin film by Sol-Gel spin
coating method.
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4. Results and Analysis

4.1 Structural Analysis

The phase structure and orientation of the ZnO thin films
were analyzed by using an X-ray Diffraction pattern. Figure
2. exhibits the XRD pattern of 0.5M of Zinc Oxide thin
films annealed at 300°C, 400°C, and 500°C for deposition of
the thinnest, thin films of thickness 189nm(S6). The phase
structure of prepared Zinc Oxide thin films is a hexagonal
wurtzite structure with a strong (100) preferred orientation.
Three major peaks (100), (002), and (101) were depicted at
500°C for S6 thin film. Diffraction peaks of ZnO thin films
were compatible with JCPDS data 72-0163 with lattice
parameters a=3.249A° and c=5.20 A°. The XRD results
show that the pure ZnO thin film phase structure was
analyzed at 0.5 M concentration at 500°C deposited at six
layers(S6) or thickness 189 nm and closely resembles the
literature [30]. The structural parameters such as crystallite
size (D), strain (€) and dislocation density () of ZnO thin
films obtained from XRD data are represented in Table 1.

—500°C
254 = 400°C
2 e 300°C
-~
- g
=. —
< ” = =)
e’ o [\ —
3‘15 % =
= A
=
8 104
=
5d
0 v L] L] L)
30 35 40 45 50 55 60
20(degrees)

Fig.2: XRD spectra of six deposited layers (189nm
thickness) of ZnO thin film annealed at 300°C, 400°C,
500°C

Table 1: Structural Properties of Six deposited layers
(189nm) of ZnO thin film annealed at 300°C, 400°C, 500°C
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In the X-ray Diffraction by using a Debye-Scherrer
formula, we can evaluate the average crystallite size (D) of
the material with the given equation (1)[31].

D=k 0

- B Cos6

Where 4 is the wavelength of the X-ray radiation utilized,
20 is the highest angle of diffraction, (3 signifies Full Width
Half Maximum (FWHM), and k represents the crystallite
constant, and its value is 0.94. At the deposition of six
layers S6(189nm) of ZnO annealed at 300°C,400°C 500°C,
the FWHM value decreases with an increase in temperature
and crystallite size increases, higher value of crystallite size
(D) and a lower value of FWHM (f) which expresses high
crystallinity of the Zinc Oxide thin film. It can be observed
that with the enhancement of annealing temperature, the
crystallite size enhanced from 14.51 nm to 28.54 nm
indicating better Crystallinity [32].

Dislocation density explains the size of defects in the
crystallite. In XRD, it can be evaluated by the formula
shown in the given equation (2)[33].
1

5= (2)
Table 1 indicates the value of dislocation density decreases
due to increases in annealing temperature from 300°C to
500°C. The high value of crystallite size or the low value of
dislocation density explains the better crystallinity of ZnO
thin film [34].

The lattice strain of the ZnO thin films is evaluated by the
formula shown in equation (3) [32].

Cot6
e = £
4

3)

The value of strain decreases with the enhancement of
annealing temperature as shown in Table 1, which indicates
that the value of lattice strain decreases due to the
improvement of crystallinity [35]. Hence, the thinnest ZnO
thin films S6 annealed at 300°C, 400°C, and 500°C
temperatures show high crystallite size, less dislocation
density, and low strain.

4.2 FE-SEM Analysis of ZnO thin films

The surface morphology, thickness, and particle size of the
zinc oxide thin films were investigated by FE-SEM
micrographs. In ZnO thin films concerning the annealing
temperature, the thickness of 189nm remains the same due
to the same deposition(S6). Figure 3 reveals the surface
morphology and thickness of the thin films with various
deposition layers. All the thin film shows good adhesion to
the substrate. Images explained that particles are uniformly
distributed over the glass substrate in all the layers. It is
seen that thickness depends upon the deposition of layers.
Fig.3 indicates that the SEM micrographs show crackles
and homogeneous grain distribution [27]. In the SEM
micrograph, particles are found in the range of lpm and
images were taken under the magnification of 25000. From
the histogram, the average particle size has been analyzed
by utilizing the ImageJ software shown in Figure 4.
According to the analysis of FESEM particle size
distribution, the estimated ZnO thin films particle size was
calculated to be 96.28nm,94.27nm,92.46nm, and 85.21nm
for S6, S9, S12, and S15 layers. The calculated average
grain size decreases with the increment of the deposition
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layer. It has been observed that thickness is enhanced and
grain size decreases with the increase of deposition of
layers. Hence the variation analyzed in the grain size of
deposition of layers can be caused by the irregularity of
organic group adsorption on ZnO crystallite surfaces [36].

—
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Fig.3: Surface morphology and cross-sectional micrographs
of ZnO thin film at various deposition layers(thickness)
S6(189nm),  S9(237nm), S12(253nm), S15(338nm)
annealed at 500°C at 45000 magnifications.
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Fig. 4: Particle size of ZnO thin film at various deposition
layers (thickness) such as S6(189nm), S9(237nm),
S12(253nm), and S15(338nm).

4.2.1 Compositional Analysis

Energy Dispersive spectroscopy (EDS) is a method that
estimates the elemental composition of the material
utilizing Scanning Electron Microscopes (SEM). Figure 5

depicts the presence of the elements in the material such as
Zinc (Zn) and Oxygen (O). EdX spectra reveal that no
impurity is present in it. It also shows the elemental
mapping of the Zinc and oxygen with uniform propagation.

B spectum 1

1pm 1um

Zn0O

Fig. 5: EDX spectra and elemental mapping of Six
depositions layers(189nm) of ZnO thin film annealed at
500°C.

4.3. Optical Study of ZnO thin films

The material response in the presence of light is determined
by its optical properties. Optical Properties are very crucial
when related to the TCO material. Transmission, direct
bandgap, extinction coefficient, absorption coefficient, and
refractive index are the necessary parameters of TCO
materials. Optical properties of ZnO thin films deposited on
a glass substrate were studied by UV-visible spectroscopy
concerning wavelength over the range of 300°C -500°C.
Transmittance spectra of ZnO thin films concerning
annealing temperature and thickness of thin film were
shown in Figure 6(a) and 6(b) respectively. Figure 6(a)
shows the annealing temperature importance, which
significantly affects the transmittance. The % age of
transmission increases with the increase of annealing
temperature. At 300°C, the percentage of transmission is
between (50 to 60) %, which is (60 to 70) % at 400°C. At
500°C, The maximum transmission achieved between (80 to
90) %. The increase in transmission concerning annealing
temperature is attributed to the decreased number of defects
or loss of light because of defect center dispersion. The
decrease in defects indicates the improvement of crystal
structure as explained in the XRD section. This finding
indicates that ZnO thin film can be utilized as a transparent
layer in several applications in the optoelectronics field
such as display devices, photovoltaics, etc.
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Fig. 6: UV-Visible spectra of ZnO thin films (a) concerning
annealing temperatures such as 300°C, 400°C ,500°C (b)
with respect to various thickness of thin films S6(189nm),
S9(237nm), S 12(253nm), S15(338nm) annealed at 500°C.

Understanding and utilizing the relation between thin film
thickness and transmittance is vital for optimizing optical
properties in various applications. It enables the design of
coatings and devices that effectively control utilizing the
transmitted light. In Figure 6(b), it was observed that
transmittance decreases with the increase of thickness from
189nm to 338nm of ZnO thin film, and the maximum
percentage of transmittance was achieved with S6 (189nm)
thin film.

Absorption Coefficient (o) explains how far photons travel
before being absorbed. The value of the absorption
coefficient (a) is investigated by utilizing the data of
absorption spectra in equation (4)

o = 2303

t @

where ‘A’ is the absorption spectra, and ‘t’ is the thickness
of the ZnO thin films which was observed through cross-
sectional FESEM.
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Fig. 7: UV-Visible absorption spectra of ZnO thin film (a)
Absorption spectra concerning annealing temperature (b)
Absorption spectra concerning various thicknesses of thin
films annealed at 500°C. (c) Extinction coefficient of ZnO
thin films concerning annealing temperature (d) concerning
various thicknesses annealed at 500°C over the wavelength
ranges from 400 to 800 nm.

Annealing temperature and deposition of layers
(thickness)of ZnO thin film can significantly affect its UV

absorption properties. As shown in Fig.7(a,b), the
absorption coefficient within the range of visible region has
low values (a>3cm™). In Figure 7(a), the value of the
absorption coefficient increases with the increase of
annealing temperature. At 500°C The material shows a
maximum absorption coefficient. In Figure 7(b) the value
of absorption coefficient decreases with the increase of
thickness or deposition of layers (S6, S9, S12, S15). It
shows that with the increase in thickness, the value of the
absorption coefficient decreases. At the S6 layer(189nm) it
shows maximum absorption coefficient. The order of
absorption coefficient (a) in terms of thickness is
S6>512>89>S15.

The extinction Coefficient, also known as the attenuation
coefficient (K), calculates how much energy is lost in
electromagnetic radiation. The wvalue of the extinction
coefficient of ZnO thin film was investigated with the use
of the absorption coefficient () in equation (5)[37].

_ A

k= ©)

4T

Figure 7(c) indicates the increase in extinction coefficient
values with the increase of annealing temperature from the
ultraviolet region to the near visible region(320-360nm),
which shows a slight absorption of ZnO thin film in the
visible region. The annealed thin films show a lower value
of extinction coefficient (about 1072) in the visible and near-
infrared region, indicating a smooth surface of ZnO thin
film. Figure 7(d) shows that with the increase of thickness,
the extinction coefficient decreases from ultraviolet to near
visible region(320-360nm). The order of extinction
coefficient in terms of thickness for ZnO thin film is
(S6>S12>S9>S15). The extinction coefficient depends
upon the wavelength and property of the material.

To investigate the optical properties of a ZnO thin film, the
refractive index is a necessary parameter which was
calculated by equation (6)[38].

n=n+ik (6)

where ‘n’ is the refractive index given by equation (7)[39]
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Where ‘R’ is the reflectance
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Fig. 8: Refractive Index of Zinc Oxide thin films deposition
of 6 layers (S6) annealed at 300°C,400°C,500°C.
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Figure 8 demonstrates the wavelength-dependent refractive
index at various annealing temperatures (such as
300°C,400°C and 500°C) of ZnO thin films(S6). Table 2
indicates that with the increase of the annealing temperature
value, the refractive index also increases. The increasing
tendency of refractive index within the wavelength ranging
from 380 to 800 nm shows that the films have standard
dispersion performance.

The absorption edge near the visible region is analyzed by
the optical band gap. The optical band gap energy (Eg) of
ZnO thin film can be evaluated in the strong absorption
region using the obtained data of absorption coefficient («)
from the Tauc’s relation in equation 8[40]

(ah9)"= C(h9 — Eg) (8)

Where ‘C’ is the constant of proportionality, ‘hd’ is the
energy of the incident which can be evaluated by using the
wavelength of UV-visible spectra ‘Eg’ is the optical band
gap and « is the absorption coefficient, and ‘m’ is the value
of the exponent which depends on the transition type. For
the direct band gap value of m is 2, the indirect band gap m
is Y, the direct forbidden m is 2/3 and the indirect
forbidden value of m is 1/3.

Figure 9. indicates the optical band gap of six deposition
layers, 189nm of ZnO thin films annealed at various
temperatures, such as 300°C,400°C and 500°C We found
that the value of the optical band gap of ZnO thin films
decreased from 3.98- 3.21 eV with increasing the annealing
temperature from 300-500°C. In this study, the optical band
gap was strongly dependent upon the annealing
temperature. The decrease in optical band gap is due to two
reasons; first (i) impurity concentration which brings
narrowing effects, and second (ii) large crystalline sizes
increase the bonding and antibonding and consequently
band gap is decreased [41].
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Fig. 9: Optical Band gap of six deposition layer (189nm)
ZnO thin films annealed at 300°C,400°C,500°C.

Table 2: Refractive Index and optical band gap of Zinc
Oxide thin films deposition of 6 layers (S6) annealed at
300°C,400°C,500°C.

Annealing Refractive | Optical
Temperature (°C) | Index Bandgap(eV)
300°C 1.69 3.98

400°C 1.67 3.93

500°C 1.82 3.21

4.4. Electrical Study of ZnO Thin Films

The Probe of two points, also called two-wire sensing, is
commonly utilized for the characterization of
semiconductor material [42]. It is often utilized to measure
the resistivity of the thin films. The essential electrical
property that distinguishes any material as a conductor,
insulator, or semiconductor is its electrical resistivity (p).
For the exploration of new materials for -electronic
applications, electrical resistivity (p) constitutes a crucial
property that is evaluated or quantified [43].

One of the easiestand most efficient methods for
determining the I-V of a thin film is to use a two-point
probe setup, in which each contact serves as both a voltage
(V) probe source and a current (I) probe source. SES-
CAMM two probe instrument, TPX set up was used for this
research. To confirm the ohmic connection of the thin film,
a silver paste has been utilized. Evaluations were done on
the resistivity and conductivity values of ZnO thin films at
various annealing temperatures300°C,400°C,500°C and
various layers of thickness S6(189nm), S 9(237nm),
S12(253nm) and S15(338nm). The value of resistivity (p)
is evaluated by using the relation in equation (9)[44].

o= (7) = 4532(3) ©)

where “V’ represents the applied voltage, ‘I’ represents the
current, and ‘t’ represents the thickness of the Zinc Oxide
thin films. ‘Rs’ represents the sheet resistance of the thin
film which is electrical resistance per unit square. The value
of sheet resistance was analyzed by calculating the slope of
the Voltage applied versus the Current obtained by two-
probe data. Thus, the value of sheet resistance (Rs) for ZnO
thin film concerning annealing temperature and layers or
thickness was calculated by using two probe instruments
explained in equation(10).

Rs:4.532¥ (10)

(11)

The value of electrical resistivity (p) explained in equation
(11) was used to get the value of electrical conductivity(o)
which is the reciprocal of electrical resistivity (p) given in
equation (12)

p=Rsxt

o=

(12)

Figure 10 (a,b) shows the graph of voltage versus current of
ZnO thin film concerning annealing temperature and layers

1
p
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or thickness. All the samples show smooth and ohmic
behavior, which depicts that ZnO thin films are
semiconductors in nature. An increase in electrode voltage
correspondingly increases the current flowing through the
thin film. In Figure 10(a,b), it was observed that an
increment in forward current at all voltages implies that the
thin films have higher conductivity. This increased forward
current may contribute to higher solar cell manufacturing
efficiency [45].
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Fig. 10: a) IV Graph of Zinc Oxide thin films annealed at
300°C,400°C and 500°C.b) IV graph of Zinc Oxide thin film
at various layers S6, S9, S12, S15.

Figure 11. (a,b) explains the electrical conductivity and
transmission(%) of ZnO at various annealing temperatures
and various numbers of layers (thickness). Fig.11(a) depicts
the variation of conductivity. It was observed that with the
increase of annealing temperature, the value of conductivity
increases. Table 3 presents the values of electrical
conductivity and transmission (%) of ZnO thin film
annealed at 300°C,400°C and 500°C. It was analyzed that
the increase in conductivity is due to the increase in heat
treatment of thin films. The electrical conductivity of ZnO
thin film is regulated by the defects produced at high
temperatures [46]. Figure 11 (b) shows a decrease in
conductivity with the increase in number of layers
(thickness). In Table 4. The value of conductivity decreases
with the increase of layers or thickness from S6(189nm) to
S12(338nm). films exhibit a decrease in electrical
conductivity due to the variation in thickness [47]. Hence, it
predicts that ZnO thin film will be a better candidate for
Transparent conducting oxide (TCO) at 500°C with 189nm
thickness (or six layers of deposition).

<
b3
n

—e=Canductivity ko5

== Transmission( %)

[

=
£
in

=
3

=
o
2

Conductivity (Sem H10%
5 H 5
Conductivity(Sem™) 104

\.
o
Transmission(%)

&

2
Transmission{%)
LS
7

RN

W A 40 B i Slﬁ S.9 5{2 SiS -
Aunealing ‘Temperature (') Number of Layers

n

b
=
=

Fig. 11: Electrical Conductivity plot (a) concerning the
annealing temperature such as 300°C ,400°C 500°C (b) with
respect to Layers such as S6(189nm)
,59(237nm),S12(253nm),S15(338nm).

Table 3: Electrical Conductivity and transmission of ZnO
thin film annealed at 300°C,400°C,500°C.

Annealing Conductivity Transmission
Temperature (°C) o(Scm™) 10 | (%)

300°C 0.02 54

400°C 0.23 58

500°C 1.02 83

Table 4: Electrical Conductivity and transmission of ZnO
thin film at various layers S6, S9, S12, S15 annealed at
500°C.

No. of Layers | Conductivity Transmission (%)
(S o(S/cm™) 104

S6 1.02 83

S9 0.79 74

S12 0.44 76

S15 0.54 61

4.4.1. Activation Energy

Activation energy is the minimal energy required to excite
or activate molecules or atoms so that they can go through
transformation.  Since  electrical  conductivity  in
semiconductors is a thermally generated process, it
commonly rises exponentially with temperature. It depends
upon the deposition temperature. Hence, the relation
between the deposition temperature, conductivity, and
activation energy of the thin film is based on Arrhenius
Law given in the equation (13)

(13)

where o represents electrical conductivity, AEa represents
the activation energy of the thin film, o, known as
conductivity at absolute temperature, K represents
Boltzmann constant, and T is the absolute temperature [48].
From equation (13) values of activation energy were
determined by the Slope of the linear part of the logo

AEa
0 = gpexp (——)

versus  1000/T curve (Figurel2). Based on the
semiconductor’s conduction process, the Arrhenius
equation can be expanded to equation (14)

Ea1l Ea2
o = grexp (—22)+ gyexp (- 22) (14)

where the activation energies for the two conduction areas
are represented by Ea; and Eax. A sample of ZnO thin film
at various annealing temperatures was chosen because the
thin films comparatively improved substrate adherence.
Figure 12 indicates two straight lines that signify the two
terms (Ea: and Eaz). These terms show two distinct
mechanisms of conductivity of ZnO thin film between the
temperatures. The slope of the logo versus 1000/T of these
lines gives the value of the estimated activation energies of
the area. TableS5. illustrate that the activation energy for all
samples is less in the first region and high in the second
region due to the material moving from one conduction
mechanism to another. In the area of high temperature, it is
higher than the low-temperature region. In the region of
high temperature, the conductivity is analyzed by intrinsic
defects, which is known as intrinsic conduction. The high
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activation energy in the first region might be explained by
the fact that the energy required to form the defects is much
more than the energy required for its drift. Due to this
reason, the electrical conductivity of the samples at high
temperatures is determined by intrinsic facts that are caused
by thermal fluctuations [49]. Also with the increase of
annealing temperature of ZnO thin films from 300°C to
500°C , the value of activation energy increases from Eai=
0.091eV, Ea;=0.78 to Eai=0.57eV, Eax=0.865¢eV.
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Fig. 12: Activation Energy plot of six deposition layers
(189nm) of ZnO thin films annealed at 300°C,400°C,500°C.

Table 1: The activation energy of S6 (189nm) of ZnO thin
films annealed at 300°C,400°C, and 500°C.

Annealing Activation energy | Activation
temperature(°C) | (Eai) (eV) energy (Eaz)
(V)
300 0.09 0.78
400 0.26 0.81
500 0.57 0.87
4.4.2. Figure of Merit

The quality and performance of any transparent conducting
oxide are determined by using a parameter known as the
Figure of Merit (FOM). When the electrical sheet resistance
and optical transmittance of transparent conducting oxides
are known, FOM is a necessary tool for comparing their
performance [50]. Hacke defined the concept of the Figure
of Merit [51]. The value of FOM is evaluated by using the
relation in equation (15)
_Tav

Rs

FOM (15)
Where Tav represents the average transmission in the visible
range (400-800nm) and Rs represents the sheet resistance of
the ZnO thin film. A higher value of the Figure of merit
signifies the superior quality of the thin film. Figure 13. (a)
shows a graph of the Figure of merit versus annealing
temperature of ZnO thin film. The value of the Figure of
merit increases with the increase of annealing temperature.
It shows that 500°C is the best annealing temperature for

transparent conducting oxides (TCO) where the material
depicts better conductivity and transparency than another
temperature. Figure 13. (b) shows a plot of the Figure of
merit versus a number of layers (thickness) of the ZnO thin
Film. In this graph, the value of the Figure of merit
decreases with the increase of a number of layers or
thickness. It shows that 189nm is the best candidate for
Transparent conducting oxides among the other layers.
Thus, the Figure of merit (FOM) suggests that the ZnO film
will behave better at 500°C with 189nm thickness,
supporting its use as an affordable Transparent conducting
oxide film in optoelectronic devices.
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Fig. 13: (a) Figure of merit of ZnO thin films (a) annealed
at  300°C,400°C,500°C(b)various  deposition layers
(thickness)  S6(189nm),  S9(237nm),  S12(253nm),
S15(338nm) annealed at 500°C.

5. Conclusion

In the present study, we prepared Zinc Oxide thin films by
sol-gel spin coating method and analyzed the influence of
annealing temperature and thickness on the structural,
optical, and electrical properties. The optical transparency
and electrical properties are greatly affected by the
thickness of thin films and their annealing temperature. It
indicates that with the enhancement of annealing
temperature, crystallite size increases, strain decreases, and
dislocation density decreases. 189nm of ZnO thin film
annealed at 500°C shows the best crystallinity among other
samples. FE-SEM shows homogeneous and crackless thin
films at a thickness of 189 nm, and investigated that with
the increase of several layers (S6 to S15), the thickness
increases from 189nm to 338nm. At 500°C of ZnO thin film
thickness up to 189nm shows 83% transmission in the
range of visible spectra. According to the optical study, a
189nm thin film annealed at 500°C shows better
performance among all samples. material. At 500°C and
189nm thickness, the value of conductivity and activation
energy is  1.02x10%Secm™) and  Eai=0.570eV,
Ea>=0.865¢V. Hence, the figure of merit shows the
material's better transparency and electrical conductivity.
So, it suggests that the ZnO film will behave better at 500°C
with 189nm thickness for optoelectronics devices such as
solar cells, display devices, and photovoltaic devices.
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